Understanding causal factors of exotic species invasions is important not only for prevention and prioritizing control efforts, but also for providing valuable insights into the underlying biology of contrasting life-history strategies. In seedling growth analyses, invasive woody species were compared with less-invasive woody species commonly cultivated in California using phylogenetically corrected procedures (12 phylogenetically independent contrasts). Invasive species were hypothesized to have higher seedling relative growth rates (RGRs) and specific leaf areas (SLAs) than did related less-invasive species. In phylogenetically independent contrasts conducted among taxa within families, high seedling RGRs and SLAs have significant positive associations with woody plant invasiveness. For contrasts containing species invasive in mediterranean regions, invasive species had significantly larger root biomass allocation than did less-invasive species. Optimization of fast seedling growth (high RGR) associated with opportunistic resource acquisition (high SLA) and increased root allocation to survive summer drought may be critical for the success of plant invaders in regions with mediterranean climates.
Invasive species are those species that establish and spread when introduced beyond their native range (Pyšek et al., 2004) . Although few introduced species naturalize and even fewer become invasive, many of those that do become invasive have undesirable ecological, aesthetic, and/or economic impacts (Rejmánek and Pitcairn, 2002; Pimentel et al., 2005; Simberloff, 2005) . For example, among the most dangerous invaders in riparian areas in the western United States are several species and hybrids of tamarisks (Tamarix). The cost of irrigation water lost to tamarisks has been estimated as between 2 and 7 billion U.S. dollars (Zavaleta, 2000) . One of the best-documented plant invaders in Hawaii is the actinorrhizal N fixer Morella faya. In N-limited ecosystems of the Hawaii Volcanoes National Park, this species increases the inputs of N from c. 11 to c. 30 kg NÁha À1 (Vitousek, 2004) . Some of the N fixed by Morella becomes available to other invasive plant species. Similarly, the Rhizobium-nodulated invasive shrub, Scotch broom (Cytisus scoparius), not only increases N inputs in many places where this is not desirable, but the combined negative effects of this species amount to more than $11 million annually in western North America (Isaacson, 2000) .
Most invasive woody species were introduced for horticultural reasons in the past. Horticulture, via nurseries, seed companies, and botanical gardens, remains the most likely source of new introductions of invasive woody species in the United States (reviewed by Reichard and White, 2001) . Predicting which of the many exotic species of potential horticultural value are invasive when introduced into a new region is an important goal for screening imported species and for prioritizing control of exotic species already introduced into natural areas, especially when little is known about a species' behavior or life-history attributes. While having practical applications, comparative studies of invasive and non-invasive plant species also address some basic ecological questions regarding the underlying biology of contrasting life-history strategies.
There are several well-defined factors contributing to the success of invasive plant species (Rejmánek et al., 2005a) , especially in the disturbed habitats that make up most of the modern landscapes (Hannah et al., 1994) . Some life-history traits that seem to be particularly important for invasive plant species include fast relative growth rate (Grotkopp et al., 2002; Burns, 2004 Burns, , 2006 ) and reproductive and/or dispersal-related traits such as short generation time, small seed mass, short intervals between large seed crops, fruits attractive to vertebrates, and long fruiting periods (Reichard, 1994; Rejmánek and Richardson, 1996; Widrlechner et al., 2004) . High specific leaf area (SLA) is a trait that is often associated with a high relative growth rate, small seed mass, and invasiveness (Grotkopp et al., 2002; Lake and Leishman, 2004; Hamilton et al., 2005; Leishman and Thomson, 2005) . Due to the associated rapid leaf production, a high SLA allows opportunistic capture of solar energy. Moreover, at least under nonstressful conditions, there seems to be a positive interdependence of plant abilities to forage for light and for soil resources (Donald, 1958; Campbell et al., 1991; Grime, 1993) . Opportunistic resource acquisition for growth and reproduction appears to be the key mechanism that makes the aforementioned life-history traits so important for invasive species (Davis et al., 2000; Burns, 2004 Burns, , 2006 Leishman and Thomson, 2005; Blumenthal, 2005) .
Additional traits may be critical for invaders in regions with a mediterranean climate, which are notorious for being invaded by large numbers of exotic plant species (Fig. 13.1 in Rejmánek et al., 2005b) . One of these is the ability of seedlings to develop extensive root systems quickly before the long, dry summer begins (Hulbert, 1955; Roché et al., 1994) . In general, a significant increase in allocation to roots is associated with decreasing precipitation (Mokany et al., 2006) .
Seedling relative growth rate (RGR) under nutrient-rich conditions may be the trait that could be used to distinguish invasive species from less-invasive species, considering that much of the modern landscape is the recipient of increased resources due to anthropogenic disturbance and pollution (Vitousek et al., 1997; Blumenthal, 2005) . High seedling RGR under optimal conditions was the most important trait associated with invasiveness for pine species (Grotkopp et al., 2002) . Similar results recently emerged from near maximum RGR studies of some herbaceous plants under optimal conditions: six species of dayflowers (Commelinaceae) (Burns, 2004 (Burns, , 2006 and four species of Senecio (Asteraceae) (Garcia-Serrano et al., 2005) . In contrast, Bellingham et al. (2004) found no relationship between invasiveness and RGR for seedlings of 33 woody species of gymnosperms and angiosperms.
Seedling relative growth rate analysis is a powerful tool for understanding life-history traits because it combines aspects of species' anatomy, morphology, and physiology (Grotkopp et al., 2002) . Classic growth analysis decomposes RGR into two components: net assimilation rate (NAR) and leaf area ratio (LAR). Furthermore, LAR can be decomposed into leaf mass ratio (LMR) and specific leaf area (SLA) (Causton and Venus, 1981; Hunt, 1982) :
leaf Þ Here, using 28 species, we tested the hypothesis that invasive woody angiosperms have faster seedling relative growth rates and higher specific leaf areas than do less-invasive woody angiosperms. In addition, we ask whether invasive woody species successful in mediterranean climates have a greater biomass allocation to roots than less-invasive species. The species used in this study were exotic horticultural plants that have been cultivated successfully in California for many years but differ in their degrees of invasiveness. In this way, we minimized differences in human introduction effort that can confound analyses of invasive and non-invasive species (Bellingham et al., 2004) . We also avoided comparing exotics (only a small percentage of which are invasive) with natives (some of which may be invasive when introduced beyond their native range) (Rejmánek, 1999; Muth and Pigliucci, 2006) . Finally, and most importantly, we analyzed sets of taxonomically related species contrasting in their invasiveness to detect trends that may otherwise be unapparent in across-species analyses. In other words, by using phylogenetically independent contrasts, we took shared phylogeny into account and only looked at differences between invasive and non-/less-invasive species within a clade (Felsenstein, 1985; Harvey and Pagel, 1991; Ackerly, 1999) .
MATERIALS AND METHODS
Species selection and invasiveness status-The species used in this study (see Table 1 ) were limited to exotic woody plants (with the exception of Fraxinus velutina, which is native in southern California) that have been commonly planted in California for at least 100 years. They are included in The Sunset Western Garden Book (Brenzel, 2001 ) and in older books on cultivated ornamentals in California (Hall, 1910; Saunders, 1926; Wilson, 1938; Graham and McMinn, 1941) . Species selection was based on theoretical as well as practical considerations. Our goal was to pair species that differed mainly in invasiveness. We tried to contrast invasive species with phylogenetically related non-invasive species (or, if not possible, with related much less-invasive species) that were similar in growth habit, leaf habit (evergreen/deciduous), seed dispersal mode, flower color, and aesthetics. We consulted with horticultural and invasive species experts (W. Roberts, University of California-Davis Arboretum, and J. Randall, Nature Conservancy, personal communications) to find the most similar species. For the final selection, we used species that had available seeds, either commercially or from local specimens. Most of the invasive species chosen are considered as invasive in mediterranean regions. However, included were also a few species invasive in mesic areas (in the Rosa and Acer contrasts). For the purposes of our analyses, ''invasive species'' were those species that, based on available data, can be classified as ''invasive'' (sensu Pyšek et al., 2004;  i.e., regenerating !100 m from source trees in less than 50 yr) in California or that have been reported as clearly invasive in other states or regions in the world, mainly based on data in Randall (2002) and Weber (2003) . ''Less-invasive species'' were those species that, in spite of widespread planting, have never been reported as invasive in California or anywhere else in the world or that have only limited, local reproduction. To illustrate the utilization of data available in the literature, the information available for Acacia dealbata (invasive) and A. pendula (less/noninvasive) in Randall's (2002) compendium of weeds can be used as an example. The first species, based on 26 references, is classified as a naturalized, noxious, and environmental weed. The second species is just classified as ''introduced'' and the single reference points to the Kew Royal Botanic Gardens database Survey of Economic Plants for Arid and Semi-Arid Lands (available at http://www.rbgkew.org.uk/ceb/sepasal/). Pairs or groups of related invasive and less-invasive species were chosen to form phylogenetically independent contrasts (Table 1) . Intergeneric contrasts within Fabaceae were constructed based on the phylogeny of Wojciechowski et al. (2004) . In two cases we could not find a suitable contrast within a family and therefore constructed interfamilial contrasts, using species from phylogenetically related families (Table 1 ). In total, we planted 35 species for 15 sets of phylogenetically independent contrasts to test the hypotheses that invasive species have higher relative growth rates and higher specific leaf areas than less-invasive species. However, due to poor germination of four species and the uncertain invasiveness status of two species, we could only analyze 12 contrasts, consisting of data from 26 species, for the 10 to 30 d growth interval. Despite low germination, we were able to harvest five seedlings of Rosa glauca at 30 d and therefore have the additional Rosa (two species) contrast for an analysis from seed to 30 d.
Seeds, stratification, and planting-Seeds were either collected (from one to 10 mother plants) or ordered from seed companies (Carter Seeds, Vista, California, USA and Sheffield's Seed Co., Locke, New York, USA). At least 30 randomly chosen air-dried seeds were weighed for each species to calculate the mean seed mass. Seeds were surface sterilized with 1% sodium hypochlorite solution for 3-5 min, rinsed extensively, and then stratified and/ or scarified according to the directions of the seed company. Pots (164 mL volume SC-10 Super Cell, Stuewe and Sons, Corvallis, Oregon, USA) were filled with sterilized UC Mix (25% Canadian sphagnum peat, 25% uniform coarse sand, 25% white pumice, 25% redwood compost with the following added per cubic meter (approximately 26.7 kg dry): 1.8 kg oyster lime, 1.8 kg dolomite 65, 1.8 kg single super phosphate. The soil was saturated with diluted nutrient solution (N : P : K ¼ 202 : 72 : 152 ppm made from 0.5% GrowMore 4-18-38 No Boron, National Research and Chemical, Gardena, California, USA, with solution-grade calcium nitrate added). Seeds were sown in late winter 2004 at depths recommended for each species. Two pots of each species were randomly arranged on each of 15 trays, for a total of 30 pots/species. The date that each seedling emerged above the soil level was recorded, and plants were thinned randomly to one per pot by 5-7 d after seedling emergence.
Growth conditions-All pots were allowed to dry out at the surface and then lightly watered every day, alternating distilled water and dilute nutrient solution (as described). Mean minimum and maximum temperatures were 15.08C and 28.68C, respectively. Because the greenhouse we used was a shared facility, high pressure sodium lamps were on to supplement natural daylight to 16 h light/day.
Harvesting-An average of 10 plants were randomly harvested for most species at 10, 20, and 30 d after seedling emergence, which was recorded for each individual. For five species (Acer ginnala, Fraxinus velutina, Robinia pseudoacacia, Rosa glauca, and Sesbania punicea), fewer plants (average of six plants/harvest) were harvested due to low germination rates. Pots were cut open, the seedlings carefully removed, and the roots washed. The leaves of each harvested plant were photographed with a digital camera to calculate total leaf area using the public domain NIH Image 1.61 program (developed at the U.S. National Institutes of Health, available at http://rsb.info.nih.gov/ nih-image/). Roots, cotyledons, leaves, and shoots were placed into separate envelopes and placed into a drying oven at 708C for 48 h. Dry biomass was weighed to the nearest 0. 1 mg with an analytical balance.
Growth analysis-Relative growth rate (RGR) and net assimilation rate (NAR) and their variances were calculated for the intervals 10 to 20 d and 10 to 30 d after emergence according to the formulae from Causton and Venus (1981) for ungraded and unpaired harvests. The interval from 10 to 30 d was used for most analyses because this longer time encompassed more environmental fluctuations within the greenhouse. Leaf area ratio (LAR), leaf mass ratio (LMR), and specific leaf area (SLA) were quantified at the midpoint (20 d) of the growth interval from 10 to 30 d. For the growth interval from 10 to 20 d, these quantities were estimated as the average of the data from 10 d and from 20 d. RGR was also measured for the interval 0 (seed mass as initial mass) to 30 d to include the Rosa contrast (as described earlier). Growth analyses were performed using both total and aboveground biomass for the interval from 10 to 30 d. Biomass allocation to roots was calculated at 30 d.
Statistical analysis-Data were compared between invasive and lessinvasive species using phylogenetically corrected analyses. If more than one species were used for half of a phylogenetically independent contrast, their values were averaged. Data for proportion of root biomass were analyzed after arc sine angular transformation (sin À1 ffiffiffi ffi X p ). One-tailed paired t tests were conducted with StatView 5.0.1 (SAS Institute, 1998).
RESULTS
Growth analysis-Relative growth rate (RGR) varied from 39 mgÁg À1 Ád À1 for the less-invasive Ceratonia siliqua to 215 mgÁg À1 Ád À1 for the invasive Eucalyptus camaldulensis ( Table  2 ). The lowest specific leaf areas (SLA), 101 cm 2 Ág À1 and 103 cm 2 Ág À1 , were those of the less-invasive species C. siliqua and Acacia pendula, respectively, while the highest SLAs (315 cm 2 Ág À1 and 295 cm 2 Ág À1 ) were again from invasive species, E. camaldulensis and Rubus armeniacus, respectively ( Table 2) .
Analyses of phylogenetically independent contrastsPaired t tests with all phylogenetically independent contrasts (N ¼ 12) for the interval 10 to 30 d showed that invasive species did not have significantly higher values than less-invasive species for most quantities measured [NAR, LAR, SLA, LMR, and log(seed mass)], although RGR was marginally significantly different (Tables 2, 3 ). However, when the two interfamilial contrasts were omitted from the analysis to avoid larger phylogenetic distances, both RGR and SLA were significantly higher for the invasive species (Table 3) . Results were consistent when the data from 10 to 20 d were analyzed (data not shown). For the interval 0 (seed mass) to 30 d, which included the Rosa contrast, RGR was significantly higher for invasive species when the two interfamilial contrasts were omitted (one-tailed paired t test, N ¼ 11, P ¼ 0.029), but not when all contrasts were included (one-tailed paired t test, N ¼ 13, P ¼ 0.106). Percentage biomass allocation to roots was not significantly different for all contrasts or for only intrafamilial contrasts (one-tailed paired t tests, both P . 0.112). However, when contrasts with invaders in primarily mesic areas were excluded (Acer and Rosa), percentage biomass allocation to roots was significantly greater for invasive species than for lessinvasive species, both for all remaining contrasts and for all remaining intrafamilial contrasts (one-tailed, paired t tests, P ¼ 0.044 and P ¼ 0.048, respectively).
DISCUSSION
RGR and SLA as predictors of invasive species-Using intrafamilial phylogenetically independent contrasts, we found that both RGR and SLA were significantly higher for invasive species than for less-invasive species (Tables 2, 3 ). This is in agreement with our results for Pinus (Grotkopp et al., 2002) and with recent results for herbaceous plants in Commelinaceae under high nutrient conditions (Burns, 2004 (Burns, , 2006 and in Senecio (Garcia-Serrano et al., 2005). However, Bellingham et al. (2004) in their study of 33 exotic woody species across four families in New Zealand did not find any association between seedling RGR and invasiveness. It should be stressed that different definitions of invasiveness could contribute to the differing results: Bellingham et al. (2004) quantified the actual rate of spread of species already naturalized in New Zealand and used that as a measure of invasiveness (therefore no clearly non-invasive species were considered, with the possible exception of Pinus uncinata), while Grotkopp et al. (2002) and we in this study used a qualitative classification of invasiveness status based on the number and severity of worldwide reports (a combination of the number of naturalization events and the extent of spread).
However, we also suggest that Bellingham et al.'s (2004) experimental results are difficult to interpret because they did not measure near maximum seedling RGR under optimal conditions, but the RGR of stressed plants in small pots over a much later growth interval, 11-18 mo. Relative growth rates are near maximal when seedlings are young and then decrease TABLE 3 . P values of comparisons of growth variables, percentage root biomass, and log(seed mass) using one-tailed paired t tests of phylogenetically independent contrasts of more-invasive and lessinvasive species. More-invasive species were hypothesized to have higher means than less-invasive species of all growth variables and smaller means for log(seed mass). Data are shown for relative growth rate (RGR) and net assimilation rate (NAR) for the interval from 10 to 30 d after emergence, while data for leaf area ratio (LAR), specific leaf area (SLA), and leaf mass ratio (LMR) are shown at the midpoint of the growth interval, 20 d. P values smaller than 0.05 are in boldface. over time (Causton and Venus, 1981; Hunt, 1982) , and differences in RGR between species are most apparent when they are grown under optimal conditions; plants grow slower under lower nutrient levels, and the resultant differences in RGR between species are therefore much less or nonexistent (Burns, 2004) . Under the conditions reported in Bellingham et al. (2004) , it is not unexpected that differences in relative growth rate among species were not observed. In fact, many of the RGRs reported in their study are negative in the control treatments, as well as in the fertilizer addition treatment. Despite the significance of the association of high RGR and high SLA with invasiveness in the present analysis, the results are not as clear as they were in our previous study of 29 Pinus species (Grotkopp et al., 2002) . Several reasons may account for this. First, Pinus is a much more homogenous group in terms of physiology, life forms, and reproductive attributes than a broad selection of species across several angiosperm families with varying life forms and dispersal modes (Table 1) . Second, the level of invasiveness for many Pinus species was more reliably assessed because pines have been very well studied and extensively planted throughout the world (Richardson and Rejmánek, 2004) . In contrast, the species used in this study were not always clearly invasive vs. clearly noninvasive. Although invasive species were always paired with related species that were much less invasive, the differences in invasiveness within contrasts varied (due to the level of current knowledge and the constraints of the available species pool). Third, phylogenetic distances varied considerably more here than in the study of Pinus, which was restricted to one genus (Grotkopp et al., 2002) . We tried to construct phylogenetically independent contrasts within genera and if not possible, then within families. However, in two cases (for Ailanthus altissima and for Metrosideros excelsa and their respective less-invasive counterparts), we were forced to construct interfamilial contrasts with closely related families. However, these contrasts with large phylogenetic distances turned out to likely be a source of noise in the data (Table 3) . Contrasts are best constructed with closely related species, preferably within genera or, at least, within monophyletic families, to minimize phylogenetic effects.
Although both RGR and SLA were almost equally good predictors of invasiveness (Table 3) , they were not always in agreement (Table 2 ). For example, SLA was more closely associated with invasiveness than RGR for Acacia and Acer, while RGR was more tightly associated with invasiveness for the Rosaceae 1 contrast (Table 2) . Several researchers have concluded that leaf traits (including SLA) are often tightly connected to the continuum of life-history traits (Westoby, 1998; Reich et al., 1999; Wright et al., 2004) . In many relative growth rate studies, SLA was the major contributing factor (via LAR) in determining RGR (Saverimuttu and Westoby, 1996; Lambers et al., 1998 ; but see Shipley, 2006) . High SLA was associated with exotic invasive species by Baruch and Goldstein (1999) and by Lake and Leishman (2004) ; however, it is unknown how RGR was related to invasiveness because RGR was not measured in either study. High SLA, LAR, and RGR were significantly associated with invasiveness in Pinus (Grotkopp et al., 2002) .
In some cases, however, RGR may be a better indicator of invasiveness than SLA. For example, for Senecio species, RGR was related to invasiveness while SLA was not (Garcia-Serrano et al., 2005) . In a study of five invasive species and four native (and presumably non-invasive) species in Hawaii, Pattison et al. (1998) found that invasive species had higher RGR than native species due to higher NAR (while LAR were similar) under high light and partial shade. Long-term evolutionary adaptations of individual taxa to environmental conditions are likely responsible for differences in the physiological, anatomical/morphological, and allocational contributions to RGR.
Critical attributes of species invasive in mediterranean climates-Although we found RGR and SLA to be significantly associated with invasiveness, LAR and LMR were not (Table 3) . A very important point emerges from this result. While high SLA and RGR seem to contribute to successful invasion of species that are introduced outside their native ranges, long summer drought poses a barrier in regions that have mediterranean climates. For species to successfully invade, they must first have characteristics that allow them to grow quickly and acquire resources opportunistically (high RGR and high SLA, respectively). Additionally, a successful invader must pass through an environmental ''filter'' of summer drought. These successful invaders must optimize or balance fast seedling growth and opportunistic resource acquisition (RGR and SLA, respectively) with increased allocation to roots for survival over the long, dry summer. Analysis of phylogenetically independent contrasts containing invasive species that are invaders of areas with mediterranean climates shows that these species have larger allocations to roots than do their less-invasive counterparts. This increase in biomass allocation to roots explains the nonsignificance of LAR in our study, because it necessarily decreases LMR and hence, LAR. However, when analyzing only the aboveground biomass, RGR and SLA remain highly significantly associated with invasiveness, and LAR also becomes highly significantly associated with invasiveness (Table 3) .
We also did not find that small seed mass was significantly associated with invasiveness (Table 3) , in contrast to Rejmánek and Richardson (1996) and Grotkopp et al. (2002) . We suggest that this is due to the fact that the majority of the invasive species utilized in this study are invasive in dry mediterranean climates. Jurado and Westoby (1992) found that larger seed size, while not necessarily contributing to a greater root allocation, was an asset for seedling survival in Australian arid areas due to the additional resources packed in the seed. Again, for successful invaders, there appears to be an optimization of fast growth (usually associated with small seeds) and resource capture together with seedling survival in mediterranean climates.
Conclusions-Three major points emerge from this study. First, both high seedling relative growth rate (RGR) and specific leaf area (SLA) are related to woody plant invasiveness. However, the biological basis of this association is still not clear, and detailed studies of causal networks underlying such relationships are badly needed (see Fig. 12 in Grotkopp et al., 2002 and Fig. 5 in Grotkopp et al., 2004) . Both RGR and SLA play key roles in capturing available resources. The ability to opportunistically capture resources seems to be the most important in many, if not all, successful cases of plant invasions (Davis et al., 2000; Shea and Chesson, 2002) . Second, species invasive in regions with a mediterranean climate had a greater allocation to root biomass than lessinvasive species, and this may be an important trait for successful invaders to survive through a mediterranean summer. Third, the procedures in this study may seem demanding for screening for invasive species. However, unless we know that a species is invasive somewhere else, there are no shortcuts in the evaluation of potential invaders. Comparative seedling growth analysis with related species is certainly not a silver bullet, but it still can be helpful under certain circumstances such as selection from several congeners. Further studies of this kind, testing many more contrasts, will elucidate the usefulness of this approach in screening for invasive species in the horticultural trade as well as in understanding differences in life-history patterns.
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